A novel modal signal decoupling algorithm for multicoupled transmission lines is developed. Since the proposed method exploits a set of basis vectors associated with the characteristic impedances of the transmission line system, these multi-coupled signals can be efficiently decoupled regardless of dielectric media and conductors. Thus, compact forms of the signal integrity verification CAD models for multi-coupled transmission lines can be readily determined. It is shown that the analytical models are in excellent agreement with those obtained with SPICE simulation and its computation time is much faster than the conventional macro model (W-model) in the order of two.
Introduction
The operating frequency of today's high-performance very large scale integrated (VLSI) circuits already exceeds several GHz [1] - [3] . Next generation high-performance VLSI circuits may require a clock signal with an edge rate of several tens of pico-seconds [4] , [5] . In contrast, the continuous scaling down of technology drastically increases the level of integration toward system on a chip (SoC) and system in a package (SiP) in which interconnect density becomes much tighter and interconnect line lengths become much longer [6] . Many of the interconnect lines in integrated systems are comparable with a significant fraction of the wavelength of the transient signal's fundamental and harmonic frequencies. Thus, they have to be, in general, treated as transmission lines [5] , [7] - [9] . In such high-frequency-operating gigantic chips and systems, it has been well known that interconnect lines have a crucial effect on the overall system performance [7] - [9] . Thus, in order to design such highperformance integrated systems, it becomes essential to verify the signal integrity such as timing delay, crosstalk noise, reflected wave quantities (i.e., overshoot/undershoot), and edge rate variations concerned with the complicated interconnect nets in the early stage of circuit designs [5] - [32] .
Since SPICE is a general purpose circuit simulation tool, it may be usefully exploited for the signal integrity verification of a few critical interconnect nets in various circuit design phases. However, in industry, a practical circuit design roughly follows 4 design phases as schematically described in Fig ical design, then signal-integrity-aware timing verification, and finally full-chip verification. In the physical design and post-layout design verification phases, the timing or signal integrity verification of several millions of interconnect nets are the integral part of a circuit design. In such circuit design phases, it is virtually impossible to exploit SPICE. Particularly, in the physical design phase, even model order reduction techniques are too expensive to be efficient enough [10] - [14] . Thus, analytical timing and signal integrity models are highly required. Furthermore, to date, RC interconnect line models are commonly used in industry for timing and signal integrity verification. However, in near future, fast as well as accurate analytical RLC signal integrity models may have to be employed for more accurate signal integrity verification in both on-chip and off-chip [13] , [14] . In order to analytically verify the signal integrity of interconnect nets, there are two well-known techniques. One is the waveform approximation technique (i.e., model order reduction technique) that exploits the dominant poles of the system [20] - [25] . The other is the modal-analysis-based approximation technique that decouples the coupled signals into distinct eigen modes [28] - [35] . However, the dominant pole approximation techniques may neither be efficient nor accurate for inductance-effect prominent interconnect lines [26] . The conventional modal decoupling techniques, on the other hand, have some limitations since they are based on case-by-case decoupling algorithms depending on the dielectric media, which may not be clearly classified from superficial transmission line structures [32] , [33] .
In this paper, a new modal decoupling technique that 
Conventional Modal Decoupling Technique
In the frequency domain, the voltages and currents of multicoupled transmission lines are represented by a matrix form of transmission line equations,
where 
If the sub-matrices of the system, i.e., T
are diagonal matrices, the modal voltages and modal currents can be completely decoupled, 
Since the system matrix can be diagonalized by using such transformation matrices, the primary goal of a modal decoupling technique is to find the transformation matrix which depends on the conductor and surrounding dielectrics [32] , [33] . The conductor properties can be divided into 3 classes: lossless, lossy-identical, and, lossy-non-identical. The dielectric materials can be divided into two classes: homogeneous ( In summary, a transmission line system is classified into one of the 5 categories associated with the conductors and dielectrics as summarized in Table 1 . Each algorithm and its limitations are discussed and summarized here [32] , [33] . Algorithm 1: If a transmission line system is assumed to be a lossless system with homogeneous dielectric media, the system matrix becomes 
T , the respective transmission line parameter matrix can be diagonalized as
where [S LC ] is the normalized eigenmatrix of the system matrix [L][C] of which magnitude is normalized as one.
Algorithm 3:
In a lossy transmission system with negligible dielectric loss, the system matrix becomes
For the transmission line system with lossy identical conductors embedded in homogeneous media, selecting the transformation matrix associated with the [C] matrix as in algorithm 1, the [L] and [C] can be diagonalized
where [S C ] is the normalized eigenmatrix of the system matrix [C] . The resistance matrix for identical lines can be rewritten by
where "r" is the PUL resistance of the lines and [I] is the Problem: Note that, the categorization is not always straight forward. For example, there are some types of materials which occupy a grey area such as non-homogeneous systems that actually have the characteristics of homogeneous transmission line systems, and vice versa. As described in Table 1 , the conventional algorithms in grey area may have a significant problem. As shown in Fig. 2 , the modes using the conventional algorithms cannot be distinctive in grey area. Further, with only transmission line parameters, conventional case-by-case algorithms cannot be clearly distinguished. Thus, in practice, suitable algorithm selection process in automated CAD tools may not be guaranteed. Note, algorithms 1 to 5 are basically associated with propagation constants which cannot treat homogeneous media. Thus, from a practical point of view, conventional case-by-case algorithms are inherently error-prone since the algorithms are not capable of handling the grey areas that exist when a transmission line system does not meet the strict classification for a given category. In contrast, a new algorithm is capable of handling the grey areas as shown in Fig. 2 . It will be discussed in the next section in more detail.
Novel Modal Decoupling Technique
In this section, a unified modal decoupling technique that can overcome the aforementioned limitations is presented. In practice, although modal propagation velocities under the , the transformed equation becomes
Assuming a lossless transmission line, Eq. (15) can be represented by
T for symmetric matrix,
are associated with the characteristic impedance of the system, it has distinct eigenvalues regardless of the dielectric media. Thus, the system matrix can be diagonalized as follows
where Λ is the representation of the left-hand side term to be a simple form and the subscript ("diag") indicates a "diagonal matrix." Since all the transmission lines have the prop-
T , the respective transmission line parameter matrices can be diagonalized as follows
Further, taking the inverse of the both side of (20),
both [L] and [C] can be simultaneously diagonalized. If a transmission line system is lossy and non-identical, the second and the third term of (15) cannot be decoupled since
[ where the subscript ("non-diag") indicates "a non-diagonal matrix." For non-identical lines, [R] and [G] cannot be decoupled without any approximation. Note that, in practice, the conductive coupling may not be a significant loss mechanism. In contrast, resistive coupling may have a considerable effect on the signal transients. Thus, the modal decoupling technique itself has some limitation. However, the resistive coupling terms are not so large in practical transmission lines as shown in Fig. 3 . Thus, neglecting the resistive coupling term, we define a new diagonal matrix as follows,
where, "i" indicates the resistance matrix pertinent to the ith line. Then modal resistance matrix for analysis of the i-th line is approximately selected as
Thus, for the i-th line, the coefficient matrix of the third term of (12) can be approximately represented by
In high-resistive line as in on-chip interconnect lines, G may have a negligible effect as shown in Fig. 4(a) . However, it is not the case for long PCB traces (longer than several tens of centimeter) as shown in Figs. 4(b) and (c). In practice, since the proposed model employ constant RLC model and do not reflect such frequency-variant effect, it may overestimate crosstalk a bit as shown in Fig. 5 . It will be shown in the next section that the signal transient using (25) and (26) is within reasonable error bound in most of practical transmission lines. Consequently, the proposed modal decoupling technique can be systematically and efficiently exploited for practical transmission line systems regardless of the material characteristics. It is extremely beneficial since the characteristics of the conducting materials and dielectric media of integrated circuit interconnects and package interconnect lines need not to be clearly 
Signal Integrity Using Analytical Model
In order to verify the accuracy of the unified modal decoupling technique, time-domain signal transients are tested with multi-layered structures as described in Fig. 6 . All the transmission line parameters are determined by using a commercial field solver [39] , [40] . Note that, the switching conditions need not to be considered during the parameter extraction because it is a boundary condition for circuit operations. Metal width, metal spacing, dielectric materials, and metal length are typical design variables. Thus, by varying these circuit design variables, the signal transient wave-shapes using the unified modal decoupling technique are compared with those of the conventional case-by-case decoupling algorithms and SPICE simulations.
In this test, line widths, dielectric constants of each layer, and switching conditions are considered test variables. Note that, as long as the switching conditions are concerned with three-coupled lines, the worst signal coupling (i.e., crosstalk) occurs at the center line with (↑ 0 ↑) switching condition, while the worst signal transient modulation occurs at the center line with cross-coupled switching condition, i.e. (↓↑↓). Here, the switching conditions are presented with a symbolic notation. An arrow that points up (↑) indicates logic 0 to logic 1 switching, an arrow that points down (↓) indicates logic 1 to logic 0 switching, and "0" indicates a quiet state.
In Fig. 6 , the outer line widths are one half of the center line width and the dielectric medium may be considered nearly-homogeneous. Further, since the lines are not identical, [R m ] is approximated by using (26) . As shown in Fig. 7 , the signal transients obtained with the conventional modal decoupling algorithms significantly deviate from the ones obtained from the SPICE simulation. In contrast, the wave shapes based on the proposed unified modal decoupling algorithm virtually overlap with those of the SPICE simulation. As evident from these tests for the non-identical lines, the approximation of the resistance matrix using (26) can be considered a reasonably good approximation.
Thus, the proposed technique can be exploited for analytical CAD model development. Once the coupled signals are decoupled with modal signals in analytical manner, the time domain wave-shapes can be readily determined. Note that, for inductance-effect-prominent lines in practical system, it was well known that multi-poles more than 3 do not guarantee the accuracy. Thus, using more poles does not make sense for the inductance-effect-prominent nets [26] . To overcome such problem, traveling-wave-based waveform approximation (TWA) is employed [36] , [37] . In n-coupled transmission lines, the signal transient response of the i-th line can be derived as Thus, by using the same signal integrity verification algorithms as described in [36] , the time delay, crosstalk noise, and reflected wave quantities (i.e., overshoot and undershoot) can be analytically determined as shown in Fig. 7 .
For the signal integrity verification, two typical interconnect line structures (i.e., on-chip bus lines and off-chip package interconnect lines) are considered. First, the crosssection of on-chip global interconnect lines is defined as shown in Fig. 8 , referring to 65 nm process technology of international technology roadmap for semiconductors (ITRS) [1] . The transmission line parameters are extracted by using a commercial field solver. Then varying the design parameters such as line length, line spacing, line width, driver size, and load capacitance for identical lines, signal integrity degradation is tested. Next, similar test for a typical package structure that is described in Fig. 6 is performed. In Fig. 9 , analytical model data are compared with SPICE simulation. As shown in Fig. 9 , the proposed model shows good agree- ment with SPICE simulation. Furthermore, the test results for non-identical lines as shown in Fig. 10 provide the application range of proposed model in non-identical interconnect lines. Judging from these test results, if the line width variation which means the line resistance variation is less than 200%, the error be- tween the proposed model and SPICE simulation is approximately less than ±5%. In contrast, that of the conventional technique is too large to be acceptable. The frequency-dependency of line parameters may have a significant effect on signal transients. It is considered one of the limitations of the proposed model. In order to investigate the frequency-dependent effects, we tested 3-coupled lines as shown in Fig. 11 . Except for very short transit time (less than 50 psec), the error of signal transients of most practical signals are less than 5%.
In addition, in order to verify the efficiency of the proposed analytical model, CPU time for the signal transients of multi-coupled lines is compared with SPICE macromodels (i.e., W-model) as summarized in Table 2 . The signal transients of transmission lines are determined by using three methods: (1) conventional segmented lumped-circuit model, (2) SPICE-macro-model which is considered a kind of model order reduction techniques, and (3) proposed analytical model using C++ program. For the comparison, a computer that is configured with 1G Byte DDR2 RAM memory and the 2 GHz-operating frequency of CPU (Intel Pentium Dual CPU E2180) is employed. Note that, the proposed analytical model is much faster than W-model in the order of two.
Conclusion
The conventional modal decoupling technique is inherently error-prone. This paper presented a new unified modal decoupling technique that can be readily applied for an arbitrary transmission line system regardless of the dielectric materials. Subsequently, combining the proposed unified modal decoupling technique with an efficient signal tran-sient waveform determination algorithm (i.e., TWA technique: traveling-wave-based waveform approximation technique), the compact analytical signal integrity verification CAD models for the multi-coupled RLC transmission lines were derived. It was shown that the models have excellent agreement with SPICE simulation for various circuit design variables.
